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PHOTOREFRACTIVE  EFFECT  IN  BARIUM  TITANATE  CRYSTALS 


I •  Program  Summary 

The  main  goal  of  this  program  was  to  identify,  control  and 
optimize  the  centers  responsible  for  the  photoref ractive  effect 
in  BaTiC^.  To  this  end,  we  grew  both  very  high  purity  and  iron 
doped  crystals  of  BaTit^  using  the  top  seeded  solution  growth 
(TSSG)  method.  These  materials  were  studied  extensively  using 
both  optical  absorption  measurements  and  photoref ractive  charac¬ 
terization  techniques  both  before  and  after  anneals  in  various 
partial  pressures  of  oxygen.  The  details  of  this  investigation 
and  the  results  obtained  are  presented  in  section  II  of  this 
report.  While  we  did  not  succeed  completely  in  achieving  our 
goal  of  identifying  photoref  ractive  centers  in  BaTiO-j,  it  does 
appear  that  the  popular  Fe2+/Fe3+  model  does  not  apply  and  that 
the  defects  are  more  likely  to  be  barium  and/or  oxygen  ion 
vacancies . 


Two  aspects  of  the  crystal  growth  procedure  which  presented 
some  problems  during  the  course  of  this  research  were  also  brief¬ 
ly  investigated  as  described  in  section  III.  The  interior  of  our 
SiC  heated  furnaces  is  of  necessity  a  less  clean  environment  than 


can  be  arranged  in  an  RF  heated  Czochralski  furnace,  so  some 
preliminary  growth  runs  were  made  in  the  latter  unit.  Temperature 
and  gradient  control  were  not  optimized,  but  there  were  indica¬ 
tions  that  with  further  study  BaTiOj  growth  in  this  furnace  might 
be  feasible. 
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The  problem  that  most  affects  TSSG,  occasionaly  causing 
cracking  and  strain,  is  the  tendency  for  a  cap  to  form  underneath 
the  seed.  This  is  a  well  known  phenomenon  in  solution  growth  and 
in  the  time  remaining  in  this  program  efforts  were  made  to  find 
ways  of  minimizing  it.  While  some  success  was  achieved  this 
basic  controlling  factor  appears  to  be  convectional  instabilities 
in  the  melt  leading  to  constitutional  supercooling  at  the  very 
small  seed  melt  interface. 


I 


I 
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II. 


The  Role  of  Iron  Centers  in  the  Photore f rac t i ve  Effect  i 


P.G.  Schunemann,*  D.A.  Temple,  R.S.  Hathcock,  H.L.  Tuller, 
H.P.  Jenssen,  D.R.  Gabbe  and  C.  Warde 
Crystal  Physics  and  Optical  Electronics  Laboratory 
Massachusetts  Institute  of  Technology,  Cambridge,  MA  02139 


ABSTRACT 

Variable-valent  iron  impurities  have  been  suggested  as  the 
source  of  photorefractive  charge  carriers  in  BaTi03 .  High- 
purity  BaTi03  crystals  were  grown  with  transition-metal 
impurity  levels  below  the  1016cra-3  baseline  estimated  for 
photorefractivity .  Iron-doped  crystals  were  grown  with 
concentrations  of  5,  50,  250,  500,  750,  and  lOOOppm  Fe. 

Changes  in  iron  valence  monitored  by  optical  absorption  in 
the  Pq2  range  1  to  10~4  atm  were  found  to  be  consistent  with 
a  defect-chemical  model  indicating  Fe3+  and  Fe4  +  to  be  the 
stable  valence  states  in  this  range.  Photorefractive 
characterization  of  high-purity  BaTi03  suggests  that 
variable-valent  iron  ions  are  not  the  dominant 
photorefractive  species  in  these  crystals,  while  the  role  of 
iron  centers  in  doped  crystals  is  complicated  by  large 
absorption  losses. 

^currently  at  Sanders  Associates,  130  Daniel  Webster 
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BaTiO-s 


INTRODUCTION 


BaTi03  is  of  particular  interest  among  photorefractive 
materials  because  it  has  demonstrated  the  highest  four-wave- 
mixing  reflectivities  (greater  than  a  factor  of  20)  by 
virtue  of  its  large  electro-optic  coefficients.1'2  Despite 
barium  titanate's  promise  for  applications  involving  phase 
conjugation  and  optical  information  processing,  the  centers 
responsible  for  the  photorefractive  effect  in  this  material 
have  not  been  conclusively  identified,  and  this  lack  of 
understanding  hinders  the  control  and  optimization  of  its 
non-linear  optical  and  phototefractive  properties. 

The  basic  physics  of  the  photorefractive  effect  is  by 
now  well  understood3:  (1)  upon  non-uniform  illumination  of 
the  material,  carriers  (electrons  or  holes)  are  optically 
excited  from  energy  levels  (donors  or  acceptors)  in  the  band 
gap;  (2)  the  excited  carriers  migrate  by  diffusion  and 
drift  and  are  re-trapped  and  re-excited  until  they  reach  the 
less  bright  regions  of  the  material;  and  (3)  this 

redistribution  of  charge  creates  internal  electric  fields 
that  modulate  the  refractive  index  of  the  material  via  the 
electro-optic  effect.  The  exact  identity  of  the 

photorefractive  sources  and  traps,  however,  remains  unclear 
for  BaTi03 . 

Previous  efforts  to  isolate  the  photorefractive  centers 
in  BaTi03  have  focussed  mainly  on  nominally  undoped  crystals 

from  a  single  commercial  source.4  Klein  and  Schwartz5 

k 


V 


determined  the  impurity  concentrations  in  a  series  of  such 
crystals  by  chemical  analysis  and  noted  a  general  increase 
in  the  photorefractive  trap  density,  Fe3+  EPR  signal,  and 
absorption  coefficient  with  increasing  iron  content  over  a 
narrow  concentration  range  (-50-150ppm) .  Based  on  their 
observations  and  on  similar  results  reported  for  LiNb03,6“9 
they  concluded  that  Fe3+  and  Fe2+  were  the  sources  and  traps 
respectively  of  photorefractive  carriers  when  the  carriers 
are  holes  (and  vice-versa  for  electrons) .  Reduction  of 
these  same  crystals  (P02«  10“8,1  to  10“12  atm)  yielded 
increases  in  photorefractive  speed  and  a  change  in  carrier 
sign  from  positive  to  negative  that  were  explained  by  a 
model  based  on  variations  in  the  Fe2+/Fe3+  ratio.10 
Ducharme  and  Feinberg11  reported  the  effects  of  oxidation 
and  reduction  at  650*C  on  a  nominally  undoped  crystal,  and 
also  noted  a  change  in  photorefractive  carrier  sign,  which 
in  their  crystal  corresponded  to  a  minimum  in  trap  density 
around  0.5  atm.  These  results  led  them  to  conclude  that 
oxygen  vacancies  (or  impurity-oxygen  vacancy  complexes) 
were  the  photorefractive  donors  of  negative  charge. 

The  only  reported  study  of  the  photorefractive 
properties  of  intentionally  doped  BaTi03  is  the  recent  work 
of  Godefroy  et  al.12  They  measured  the  maximum  diffraction 
efficiency,  writing  speed,  and  electro-optic  coefficients  in 
a  series  of  crystals  doped  with  a  wide  range  of  Fe 
concentrations  (undoped  to  2500ppm) .  They  reported  that  all 
measured  parameters  were  highest  in  the  750ppm  Fe-doped 
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crystal,  with  the  diffraction  efficiency  increasing  by  a 
factor  of  1000  over  that  of  the  undoped  crystal.  A  major 
shortcoming  of  this  work,  however,  is  that  the  measured 
crystals  were  neither  electrically  nor  mechanically  poled, 
and  the  measurements  they  performed  are  particularly 
sensitive  to  the  presence  of  90  and  180  degree  domains.  in 
fact,  their  reported  investigations  of  the  crystal  domain 
structure  (performed  using  a  unique  optical  topography 
approach)  indicated  a  low  degree  of  poling  and  notable 
variation  among  crystals. 

The  goal  of  this  research  was  to  gain  more  insight  into 
the  role  of  iron  centers,  if  any,  in  the  photorefractive 
process  in  barium  titanate  by  controlling  the  concentration 
and  valence  states  of  the  iron  in  a  series  of  crystals  and 
correlating  the  results  with  measured  optical  and 
photorefractive  properties.  Our  approach  is  based  on  the 
popular  theory5  that  variable-valent  transition-metal  ions, 
in  particular  divalent  and  trivalent  iron  impurities,  are 
the  species  responsible  for  photorefractive  charge  carriers 
in  barium  titanate. 

Our  strategy  for  evaluating  the  effects  of  such 
centers  on  the  photorefractive  behavior  of  barium  titanate 
was  four-fold.  Since  it  has  been  estimated  that  the  density 
of  charge  carriers  involved  in  the  photorefractive  effect  is 
on  the  order  of  1016/cm3,13  the  first  goal  of  this  research 
was  to  prepare  high  purity  single  crystals  with  transition- 
metal  and  aliovalent  impurity  levels  below  this  level.  The 
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second  goal  of  this  work  was  to  grow  a  series  of  Fe-doped 
BaTi03  single  crystals  with  low  background  impurity  levels 
by  systematically  doping  the  melt  from  which  the  above- 
mentioned  high  purity  crystals  were  grown.  Thirdly,  we 
employed  a  defect  chemical  approach  to  control  the  iron 
valence  via  thermal  oxidation  and  reduction  treatments. 
Finally,  these  variations  in  iron  concentration  and  valence 
were  correlated  with  general  trends  in  the  photorefractive 
behavior  of  the  crystals  as  characterized  by  saturation 
diffraction  efficiency,  light-induced  grating  erasure  rate, 
and  two-beam  coupling  measurements.  Preliminary  results  of 
this  study  have  recently  been  presented.14”16 


HIGH  PURITY  BaTiO-j  SYNTHESIS 

Purification  of  Starting  materials 

A  major  effort  in  this  research  was  devoted  to  the 
synthesis  of  high-purity  starting  materials,  since  titanium 
dioxide  and  barium  carbonate  feed  materials  are  not 
commercially  available  with  impurity  levels  below  the 
nominal  concentration  of  1016/cm3  that  is  apparently 
required  for  photorefractivity . 

The  titanium  dioxide  feed  material  was  prepared  by  the 
hydrolysis  of  titanium  isopropoxide,  Ti(1OC3H7)4,  according 
to  the  reaction 


c3h7oh 

Ti(1OC3H7)4  +  3H20  - >  Ti02'H20  +  4C3H?OH 


(1) 
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The  titanium  alkoxide  precursor  (Stauffer  Chemical  Co.)  was 
first  purified  by  a  reduced  pressure  fractional 
distillation.  This  purification  technique  was  based  on  the 
observation  that  titanium  isopropoxide  has  a  much  lower 
boiling  point  than  the  isopropoxides  of  other  transition- 
metal  impurities. 17  A  600mm  x  12.5mm  vacuum- jacketed 
distilling  column  packed  with  1/8"  glass  helices  provided 
-15-20  "theoretical  plates."18  Purification  was 
qualitatively  evidenced  by  the  transformation  of  the 
alkoxide  from  deep-yellow  to  water-clear  in  color,  leaving  a 
dark-brown  liquid  and  metal  particulates  in  the  still  pot. 
The  collected  distillate  was  removed  under  a  dry-nitrogen 
atmosphere  and  reacted  with  a  dilute  solution  of  deionized 
water  and  semiconductor-grade  isopropyl  alcohol 
(Mallinkrodt)  to  form  hydrated  Ti02  powder  which  was  then 
vacuum-dried  in  the  same  vessel.  A  flow  chart  for  the 
process  is  shown  in  Figure  1  (a) . 

Barium  Carbonate  was  formed  by  reaction  of  a  purified 
aqueous  solution  of  BaCl2  and  urea  with  C02  in  a  pressurized 
vessel.  Reagent  grade  BaCl2  and  urea,  (NH2)2CO,  were 
dissolved  in  water,  filtered,  and  purified  by  solvent 
extraction.  In  the  solvent  extraction  process,  the  aqueous 
solution  was  intimately  mixed  with  a  dense  immiscible  liquid 
phase  (chloroform)  which  contained  an  extracting  or 
"chelating"  agent  (diethylammonium  diethyldithiocarbonate, 
DDDC)  which  readily  forms  complexes  with  a  large  number  of 
metal  ions.  These  metal  complexes  segregated  to  the  dense 
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chloroform, phase,  where  their  presence  was  indicated  by  a 
bright  yellow  or  green  color,  and  were  subsequently  removed 
using  a  separatory  funnel.  The  extraction  process  was 
repeated  for  several  solution  pH's  until  the  extracting 
phase  was  colorless.  After  extraction,  the  purified 
solution  was  refiltered  and  reacted  under  C02  pressure  (150 
psi,  ~80°C)  to  form  crystalline  BaC03  which  was  centrifuged, 
washed,  and  dried.  A  flow  chart  for  the  entire  process, 
carried  out  in  a  class  10J  clean  room,  is  shown  in  Figure 
1(b). 

Single  Crystal  Growth 

High-purity  BaTi03  single  crystals  were  grown  by  the 
top-seeded  solution  growth  technique  (TSSG). 19,20  Extreme 
care  was  exercised  to  minimize  furnace  contamination  of  the 
purified  feed  materials.  The  growth  furnace  was  rebricked 
with  new  lining  materials,  new  Sic  heating  elements  were 
used,  and  the  platinum  crucible  was  kept  covered  while  the 
closing  bricks  were  lowered  in  place.  Crystal  growth  was 
first  initiated  on  a  platinum  wire  to  avoid  contamination 
from  an  impure  single-crystal  seed.  Later,  high-purity 
single-crystal  seeds  cut  in  the  <100>  direction  were  used 
with  dimensions  of  approximately  10  x  2.5  x  2.5mm. 

Single  crystals  were  grown  from  a  titanium  rich  melt 
containing  66  mole%  Ti02  corresponding  to  a  liquidus 
temperature  of  approximately  1380°C.  (Experience  has 
indicated  that  growth  from  melts  at  temperatures  >  1400°C 
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yields  poor  results.)  The  melt  was  heated  slowly  at  first 
to  drive  out  moisture,  then  raised  from  200  to  1450°C  in  20 
hours  and  soaked  for  24  to  40  hours  to  insure  complete 
dissolution  of  the  ceramic  powder...  Seeding  temperatures, 
indicated  by  equilibrium  between  the  melt  and  the  air-cooled 
seed,  varied  between  1382cC  and  1392°C  for  successful  growth 
runs  due  to  variations  in  the  moisture  content  of  the 
hydrated  Ti02.  After  seeding,  the  melt  was  cooled  at 
0.2°C/hour  for  25  to  35  hours  until  pulling  began  at  0.15  to 
0.2mm/hour.  During  pulling  the  melt  was  cooled  at 
0.5°C/hour  to  temperatures  slightly  above  the  eutectic 
(1320°C),  after  which  the  crystal  was  removed  from  tha  melt 
ard  slowly  cooled  to  room  temperature.  Most  growth  runs 
yielded  single  crystal  boules  of  good  optical  quality  as 
shown  in  Figure  2. 

optical  jgampie  -Preparstlpn 

Crystals  were  cut  along  {100}  planes  as  determined  by 
the  back-reflection  Laue  method,  and  faces  were  ground  to 
near-parallel  with  20 Sic.  Cut  and  ground  cubes  were  then 
polished  by  hand  with  3  diamond  paste  on  a  lightly-oiled 
paper  lap.  The  presence  of  90°  domains  in  the  polished 
samples  was  clearly  indicated  by  sharp  planar  boundaries 
within  the  polished  samples  which  ran  diagonally  across  the 
predominantly  a-faces,  as  shown  in  Figure  3.  Ti.  ?se  domain 
walls,  in  fact,  served  to  identify  the  a-faces,  while  the  c- 
direction  was  indicated  by  a  characteristic _  color  pattern 
when  viewed  between  crossed  polarizers. 
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Single  domain  samples  were  achieved  by  a  combination  of 
mechanical  and  electrical  poling.  Uniaxial  stresses  of  1500 
to  3000  psi  applied  along  an  a-axis  were  generally 
sufficient  to  remove  all  visible  90°  domain  walls.  During 
application  of  the  stress,  performed  using  a  pressurized 
piston,  the  90°  domain  walls  visible  in  the  unstressed  a- 
direction  would  migrate  towards  the  corners  of  the  crystal. 
This  migration  would  create  surface  steps  on  faces  along 
which  the  ends  of  the  domain  wall  boundaries  moved.  The 
moving  domain  walls  would  eventually  get  hung-up  on  these 
surface  steps  so  that  the  crystal  needed  to  be  repolished 
before  poling  could  continue.  After  sufficient  iterations 
all  directly  visible  90°  domain  walls  could  be  removed, 
although  a  cloudiness  visible  in  crossed  polarizers  often 
revealed  the  presence  of  residual  90°  domains.  These  were 
removed  upon  application  of  an  applied  field  of  lOOOV/cm  in 
an  oil  bath  near  or  above  the  Curie  temperature  (133°C). 
Nickel  electrodes  were  polished  to  optical  flatness  to 
ensure  good  electrical  contact,  and  voltage  was  applied 
slowly  (lOV/min)  to  reduce  the  tendency  toward  surface 
cracking  at  the  positive  electrode  which  sometimes  occurs 
during  rapid  domain  re-orientation. 

Critical  factors  in  achieving  poled  BaTi03  samples 
proved  to  be  (1)  having  a  good  polish  so  that  moving  domain 
walls  would  not  hang  up  on  surface  flaws,  (2)  using 
multiple  iterations  during  mechanical  poling  to  avoid 
stressing  and  cracking,  and  (3)  having  stress-free  single- 
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crystals.  .Residual  stresses  from  cooling  through  the  phase 
transition  during  crystal  growth,  or  stresses  induced  during 
mechanical  polishing  and  poling  could  sometimes  prevent 
complete  mechanical  poling  and  would  often  cause  severe 
cracking  during  electrical  poling. 

Evaluation  of  Sample  Purity 

A  combination  of  spark-source  mass  spectrometry 
(Northern  Analytical  Laboratory,  Amherst,  New  Hampshire) , 
ultraviolet  spectrophotometry,  and  optical  absorption 
spectroscopy  were  used  to  confirm  the  impurity  concentration 
levels  in  the  starting  materials,  the  purified  feed,  and  the 
resulting  high-purity  BaTi03  single  crystals.  The  results 
of  spark-source  mass  spectrometry  are  listed  in  Table  1,  and 
the  UV  spectrophotometric  data  and  visible  absorption 
spectra  are  given  in  Figures  4  and  5  respectively.  The 
results  of  these  analyses  can  be  summarized  as  follows: 

(1)  The  spark-source  data  indicated  that  the  titanium 
dioxide  fractional  distillation  procedure  reduced  the  iron 
content  by  a  factor  of  four  and  removed  all  other  transition 
metals  to  below  detection  limits; 

(2)  UV  spectrophotometric  data  of  purified  BaC03  and 
the  reagent  BaCl2  precursor  dissolved  in  HC1  (Figure  4) 
indicated  that  the  absorbance  due  to  transition-metal 
chlorocomplexes  in  the  BaC03  is  significantly  lower  than  in 
the  BaCl2.  The  peak  at  230nm  in  the  BaCl2  spectra 
corresponds  well  to  the  iron  peak  repQrted  in  the 

literature. 21  In  contrast,  then,  to  the  mass  spectrometric 
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data,  which  gave  Fe  concentrations  of  0.3  and  lppm  in  BaCl2 
and  BaC03  respectively,  these  results  show  that  the  BaC03 
purification  process  significantly  reduced  the  Fe  levels  of 
the  BaCl2  precursor; 

(3)  Optical  absorption  spectra  of  crystals  grown  from 
(a)  reagent  BaC03  and  Baker  ULTREX™  Ti02,  (b)  reagent  grade 
BaC03  and  purified  Ti02,  and  (c)  purified  BaC03  and  purified 
Ti02  synthesized  in  this  laboratory  (Figure  5)  reveal  that 
the  band  edge  of  the  high-purity  crystal  is  shifted  to  a 
slightly  shorter  wavelength  and  drops  off  more  steeply,  both 
indications  of  decreased  impurity  levels; 

(4)  As  indicated  by  mass  spectrometry,  transition 
met-\l  impurity  levels  in  the  high-purity  BaTi03  single 
crystal  are  near  or  below  the  nominal  concentration  of 
1016/cm3  (lppma  -  l. 56xl016/cm3)  predicted  for  observing  the 
photorefractive  effect.  Iron  and  nickel  were  measured  at 
concentrations  of  0.3  and  0.04ppm  (atomic)  respectively, 
while  all  other  transition  metals  were  below  detection 
limits  (O.Olppm).  The  only  aliovalent  impurities  reported 
at  levels  greater  than  this  were  B  (5ppm) ,  A1  (0.5ppm),  and 
Cl  (lOppm),  a  remnant  of  the  barium  chloride  precursor. 
These  results  reveal  these  high  purity  BaTi03  crystals  to  be 
the  purest  yet  achieved  in  this  laboratory  or  ever  used  for 
photorefractive  studies. 


.3 


SYSTEMATIC-  IRON  DOPING 

In  order  to  systematically  investigate  the  effects  of 
iron  concentration  on  the  photorefractive  properties  of 
BaTi03,  crystals  were  grown  from  melt  compositions 
containing  5,  50,  250,  500/  750,  and  lOOOppm  Fe.  Doping  was 
accomplished  by  substituting  iron  oxide  for  Ti02  in  the 
above-mentioned  high-purity  melt  according  to  34%  BaC03  + 
66%  [(l-x)Ti02  +  (x/2)Fe203],  where  x  is  the  doping  level  in 
ppm  (atomic) .  The  iron  concentration,  therefore,  refers  to 
the  ratio  Fe/Ti  in  the  melt.  The  actual  iron  concentrations 
in  the  resulting  crystals  were  confirmed  by  chemical 
analysis.  Atomic  Absorption  analysis  (Northern  Analytical 
Laboratories,  Amherst,  NH)  was  conducted  on  the  doped  BaTi03 
samples  which  were  dissolved  by  fusing  with  lithium 
tetraborate.  The  results  are  listed  in  Table  2  and  indicate 
a  segregation  coefficient  near  unity.  This  value  for  the 
segregation  coefficient  is  somewhat  higher  than  that 
reported  by  Godefroy  et  al22  for  TSSG  BaTi03.  Their  iron 
concentrations,  however,  were  substantially  higher  than 
those  used  in  this  study,  and  the  few  data  points  at  lower 
concentrations  do  suggest  values  approaching  unity. 

Single  domain  optical  samples  of  the  Fe-doped  crystals 
were  prepared  as  described  previously  for  the  case  of  high 
purity  crystals  except  that  two  notable  differences  in 
behavior  were  observed  during  the  electrical  poling 
procedure.  First,  crystals  containing  500,  750,  and  lOOOppm 
Fe  were  found  to  develop  an  unusual  bright  yellow  color  band 
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during  application  of  the  applied  field  (lOQOV/cm)  at 
temperatures  near  the  Curie  temperature,  Tc.  This  color 
band  was  defined  by  a  sharp  boundary  parallel  to  the 
positive  electrode,  and  with  time  this  boundary  propogated 
towards  the  negative  electrode.  A  similar  coloration 
phenomenon  was  apparently  observed  by  Godefroy  et  al12  and 
prevented  them  from  electrically  poling  their  samples. 
Fortunately  in  these  experiments  the  color  front  advanced 
only  1  or  2mm  into  the  crystal  in  the  times  required  for 
electrical  poling  (1.5  to  2.5  hours),  thereby  leaving  a 
large  enough  region  for  optical  evaluation. 

Electrocoloration  phenomena  have  been  previously 
reported  in  both  BaTi0323'24  and  SrTi03.25  Blanc  and 
Staebler25  noted  that  the  application  of  dc  electric  fields 
to  transition-metal-doped  strontium  titanate  in  the 
temperature  range  of  -100-325°C  resulted  in  the  appearance 
of  colored  regions  characteristic  of  oxidized  material  at 
the  positive  electrode  and  reduced  material  at  the  negative 
electrode.  Their  results  were  consistent  with  a  simple 
model  based  on  the  drift  of  doubly-ionized  oxygen  vacancies 
under  the  influence  of  the  applied  field  which  caused 
oxidation  and  reduction  of  stationary  transition  metal  ions 
near  the  positive  and  negative  electrodes  respectively. 
This  effect  was  observed  for  all  transition  metals  studied: 
Fe,  Ni,  Co,  and  Mo.  Assuming  the  same  phenomenon  occurs  in 
our  heavily  doped  BaTi03:Fe  samples,  we  applied  their 


analysis  to  our  results  to  obtain  an  approximate  value  for 
the  mobility  of  oxygen  vacancies  My  in  BaTi03  given  by 

dx/dt  -  „vv/x  (2) 

where  dx/dt  is  the  rate  of  the  color  boundary  movement,  x  is 
the  width  of  the  untransformed  region,  and  V  is  the  applied 
voltage.  This  yielded  a  **y  value  of  -3xl0~8cm2/volt-sec  at 
~128°C,  which  compares  favorably  with  the  1. 5xl0~8cm2/volt- 
sec  obtained  by  Blanc  and  Staebler25  for  SrTi03  at  200°C. 

The  second  effect  of  added  Fe  which  was  noted  during 
electrical  poling  was  a  slight  decrease  in  the  Curie 
temperature  evidenced  by  visual  observation  of  the 
tetragonal-to-cubic  phase  transition.  More  accurate  Curie 
temperature  measurements  were  performed  using  capacitance 
techniques  on  thin  (100)  slabs  cut  from  high-purity,  50, 
500,  and  lOOOppm  Fe-doped  samples.  These  samples  were 
equilibrated  at  800°C  in  oxygen  partial  pressures  of  1, 
10-2,  and  10“4  atm,  and  in  each  case  subsequently  quenched 
to  -175°C  and  slowly  cooled  to  -125°C  while  monitoring  the 
ac  capacitance  (100kHz).  In  each  case  the  phase  change  was 
marked  by  a  sudden  plunge  in  the  relative  dielectric 
constant  from  -12,000  in  the  cubic  phase  to  -2000  after  the 
transition.  The  results  indicated  that  the  Curie 
temperature  dropped  about  2°C  per  lOOOppm  Fe,  in  close 
agreement  with  the  value  of  -21°C/mole%  reported  by  Hagemann 
and  Ihrig.26  Annealing  in  the  oxygen  partial  pressure  range 
indicated  above  had  no  significant  effect  on  Tc,  however,  in 
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agreement  with  the  previous  workers  as  well  as  with  Weschler 
et  al10  but  in  sharp  contrast  to  the  results  of  Ducharme  and 
Feinberg11  who  noted  a  6°C  drop  in  Tc  for  annealing  in  argon 
as  compared  to  oxygen. 

CONTROL  OF  IRON  VALENCE 

Defect  chemistry  of  BaTiO^tFe 

The  understanding  and  control  of  the  various  valence 
states  of  iron  and  their  relative  concentrations  is  clearly 
critical  to  evaluating  the  possible  role  of  these  centers  in 
the  photorefractive  process  in  BaTi03.  The  defect  chemistry 
of  BaTiQ3, 27-32  and  in  particular  transition-metal-doped 
BaTi03, 26 ' 33-35  has  been  extensively  studied  by  high- 
temperature  electrical  conductivity,  thermogravimetry, 
Mossbauer  spectroscopy,  and  electron  paramagnetic  resonance. 
The  work  of  Hagemann  et  aj26, 33-35  on  Fe-doped  BaTio3 
yielded  the  thermodynamic  defect  model  presented  below  which 
allows  the  concentrations  of  Fe2+,  Fe3+,  and  Fe4+  to  be 

determined  as  a  function  of  oxygen  partial  pressure, 
temperature,  and  total  Fe  doping  level. 

When  BaTi03  is  treated  at  very  low  oxygen-partial 
pressures  and  elevated  temperatures,  oxygen  vacancies  are 
created  and  balanced  by  the  generation  of  mobile  electrons 
according  to  the  reaction 

00x  -  l/202  +  V0*'  +  2e'  (3) 

with  an  equilibrium  constant  for  reduction  given  by 

Kj,  -  [V0*-]n2P021/2  -  KTj"exp(-AHn"/fcT)  (4) 
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is  the 


where  n  is  the  electron  concentration  and  AHn” 
standard  enthalpy  of  reduction  associated  with  the  formation 
of  doubly-ionized  oxygen  vacancies.  The  notation  is  that  of 
Kroger  and  Vink,36  where  the  superscript  cross,  dot,  and 
slash  correspond  to  neutral,  positive,  and  negative 
effective  charges  respectively.  The  electroneutrality 
condition  in  this  regime  is  simply 

2[V0“]  -  n  (5) 

where  the  atmosphere  controlled  oxygen  vacancy  concentration 
is  much  greater  than  the  total  iron  concentration. 

At  higher  oxygen  partial  pressures,  however,  the  oxygen 
vacancy  concentration  becomes  fixed  by  the  total  iron 
concentration  depending  on  the  stable  valence  state (s) 
present.  For  every  two  Fe4+  ions  reduced  to  Fe3+  one  oxygen 
vacancy  is  formed,  while  for  every  Fe2+  ion  formed  one 
oxygen  vacancy  is  generated.  Consequently  the  condition  of 
charge  balance  requires  that 

[FeTi»]  -  2 [V0*  * ]  (6) 

when  trivalent  and  tetravalent  iron  are  present  or 

[FeTi']  +  2[FeTi"]  -  2[V0*’]  (7) 

at  lower  P02  where  both  Fe3+  and  Fe2+  are  present  and  are 
represented  by  FeT^'  and  Fe^"  respectively.  The  relevant 
ionization  reactions  are  given  by 

FeTi"  -  FeTi’+  e*  (8) 


and 


Fe, 


These  reactions  have  the  corresponding  mass  action 
relations34'35 

[FeTi']n/[FeTi"]  -  KD"  -  l/2Ncexp-(Eg-EFe2-)/kT  (10) 

[FeTix]n/[FeTi'J  -  KD*  -  2Ncexp-(Eg-EFe“)/kT  (11) 
where  Nc  is  the  density  of  states  in  the  conduction  band 
(1.55xl022cm-3) ,  Eg  is  the  band  gap  of  BaTi03  (3.1eV),  and 
EFe2_  and  EFe“  are  the  energy  levels  of  Fe3+  and  Fe4+ 
respectively  as  measured  from  the  top  of  the  valence  band. 

The  concentration  of  iron  ions  in  a  given  valence  state 
is  related  to  the  total  iron  concentration  through  the  mass 
balance  equations 

IFeTiJtot  “  tFeTi* 1  +  [FeTix]  (12) 
or  tFeTihot  *  CFeTi"J  +  tFeTi']  (13) 
for  oxidizing  and  reducing  conditions  respectively. 

The  equilibrium  defect  model  represented  by  Equations 
(3) -(13)  can  be  used  to  quantitatively  predict  the  relative 
concentration  levels  of  Fe2+,  Fe3'f,  and  Fe4+  for  a  given  set 
of  annealing  conditions  and  doping  levels  if  values  for  the 
equilibrium  constants  Kyj" ,  KD*  and  KD"  are  known.  The 
equilibrium  constants  have  been  determined  by 
thermogravimetric  measurements34'35  and  high-teroperature- 
electrical  conductivity  measurements,29-32  which  give  Kn"  - 
3xl075cm-9Pa1/2  and  AHn"  ~  9.6x10-19J.  The  ionization 
energies  have  been  determined  using  thermogravimetry  and 
Mossbauer  spectroscopy  by  H.  J.  Hagemann.35  These  results 
yielded  values  for  EFe-  and  EFe2-  of  0.8  'eV  and  2.4  eV 


respectively.  These  values  inserted  into  Equations  (4), 
(10),  and  (11)  and  combined  with  Equations  (6)  and  (7)  yield 
values  for  [Fe2+],  [Fe3+],  and  [Fe4+]  as  a  function  of 
oxygen  partial  pressure  and  temperature.  Results  of  such 
calculations  for  an  equilibrium  temperature  of  800°C  and  the 
total  Fe  concentrations  relevant  to  this  study  (0.3,  50, 
500,  and  lOOOppm)  are  shown  plotted  in  Figure  6. 

A  number  of  important  trends  are  illustrated  in  Figure 
6.  For  each  Fe  concentration  labeled  at  the  left  of  the 
diagram,  the  three  plateaus  going  from  left  to  right 
correspond  to  saturation  of  the  Fe  ions  in  the  divalent, 
trivalent,  and  tetravalent  states  respectively  with 
increasing  P02*  Note  that  Fe4+  and  Fe3+  are  the  predominant 
species  under  the  relatively  oxidizing  atmospheres 
encountered  during  crystal  growth,  while  the  Fe2+ 
concentration  is  extremely  low  (<l015cm“3)  even  for  the 
highest  Fe  concentration  and  lowest  P02  encountered  in  this 
study  (lOOOppm  Fe,  10"4  atm).  The  specific  P02  -dependent 
trends  illustrated  in  Figure  6  can  be  derived  by  combining 
Equations  (4),  (7),  and  (10)  or  Equations  (4),  (6),  and  (11) 
and  differentiating  with  respect  to  logP02.  Performing  this 
analysis  yields 

dlog[Fe3+]/dlogP02  -  -dlog[Fe2+]/dlogP02  «  1/4  (14) 
for  low  Pq2 ' s,  while  at  higher  P02's 

dlog[Fe4+]/dlogP02  -  1/4  (15) 
and  dlog[Fe3+)/dlogP02  «  -1/6  (16) 
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Similar  manipulation  of  these  equations  with  respect  to  the 
total  Fe  concentration  [Fe]tot  at  a  fixed  P02  yields 

dlog[Fe2+]/dlog[Fe]tot  -  1/2  (17) 
and  dlog[Fe4+]/dlog[Fe]tot  -  3/2  (18) 
(Equations  14-16  apply  to  the  regions  in  Figure  6  where  the 
concentration  of  a  given  valence  state  is  changing,  and 
break  down  as  saturation  is  approached.)  Note  from 
Equations  (17)  and  (18)  that  the  concentration  of  a  given 
valence  state  does  not  increase  linearly  with  Fe  content  as 
one  might  intuitively  expect.  It  is  also  notable  that  the 
Fe4+  concentration  increases  rather  rapidly  with  iron 
content  as  compared  with  Fe2+. 

The  above  defect  model  governs  the  changes  in  oxygen 
vacancy  concentration  in  addition  to  iron  valence.  These 
are  plotted  in  Figure  7  as  a  function  of  oxygen  partial 
pressure  for  the  same  conditions  as  those  in  Figure  6.  Note 
that  the  oxygen  vacancy  concentration  is  fixed  over  a  wide 
P02  range  by  the  Fe3+  concentration  according  to  Equation 
(6).  At  lower  P02,s,  however.  Equation  (5)  dominates 
Equation  (7)  and  additional  oxygen  vacancies  are  charge- 
compensated  by  conduction  electrons,  resulting  in  high 
electrical  conductivity.  Comparison  with  Figure  6  reveals 
that  this  intrinsic  compensation  mechanism  takes  over  before 
substantial  Fe2+  can  be  formed.  At  high  oxygen  partial 
pressures,  the  oxygen  vacancy  concentration  reaches  a 
plateau  determined  by  the  level  of  background  impurities, 
which  in  Figure  7  is  determined  from  the  chemical  analysis 
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results  in^ Table  1.  An  important  consequence  of  the  trends 
illustrated  in  Figure  7  is  that  oxygen  vacancies  can  be 
ruled  out  as  the  donors  responsible  for  P02 "dependent 
changes  in  photorefractive  properties  since  their 
concentration  is  fixed  over  a  vide  PQ2  range  by  the  presence 
of  acceptor  impurities  or  dopants. 

Finally,  although  the  above  trends  apply  at  room 
temperature,  some  care  should  be  taken  in  applying  the 
actual  defect  concentrations  shown  in  Figure  6  to  crystals 
at  25 °C.  In  the  case  of  oxygen  vacancies,  rapidly  quenching 
the  samples  from  800°C  effectively  "freezes  in"  the  high 
temperature  ionic  defect  structure  so  that  the 
concentrations  in  Figure  7  should  still  hold.  The  relative 
concentrations  of  Fe2+,  Fe3+,  and  Fe4+,  however,  depend  upon 
the  degree  of  ionization  of  defects  in  the  system  which  is 
highly  temperature  dependent.  Upon  cooling  some 
deionization  will  occur,  which  in  the  case  of  holes  will 
shift  the  curves  in  Figure  6  to  lower  oxygen  partial 
pressures,  thus  favoring  the  formation  of  higher  oxidation 
states. 

Optical  Absorption  Spectroscopy 

The  variations  in  iron  valence  governed  by  the  above 
model  were  monitored  via  optical  absorption  measurements 
based  on  the  characteristic  spectra  of  Fe2+,  Fe3+,  and  Fe4+ 
in  BaTi03.  Since  no  published  absorption  spectra  were 
available  for  melt-grown  BaTi03:Fe,  results'  for  Fe-doped 
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SrTi0335  served  as  a  guide  to  the  interpretation  of  our 
measured  spectra.  In  SrTi03 : 2300ppm  Fe,  Fe4+  charge 
transfer  bands  have  been  associated  with  an  absorption  peak 
and  shoulder  at  440  and  590nm  respectively  in  oxidized 
samples  (P02  *  1  to  10“4  atm) ,  giving  them  a 
reddish/brownish  color.35  Under  more  reducing  conditions 
(P02  *  10”4  to  10“17  atm) ,  Fe  exists  almost  entirely  in  the 
trivalent  state,  leaving  the  same  crystals  nearly  colorless. 

Significant  amounts  of  Fe2+  are  formed  only  in  heavily- 
reduced  crystals  (PQ2  <  10“17)  and  have  been  associated  with 
a  double-band  with  peaks  at  1030  and  825nm  which  cause  the  I 

crystals  to  appear  greenish  in  color.35 

Optical  absorbance  measurements  of  our  BaTi03:Fe 
samples  yielded  similar  results.  These  were  performed 
using  a  Perkin-Elmer  Lambda  9  double-beam  spectrophotometer. 

Visible  absorption  spectra  were  measured  between  380  and 
860nm  on  as-grown  and  annealed  samples  for  light  polarized 
parallel  and  perpendicular  to  the  c-axis.  Automatic 
background  correction  compensated  for  the  effects  of  matched 
polarizers  and  a  4mm  circular  beam  mask.  The  absorption 
spectra  of  the  high  purity  sample  and  of  those  doped  with  5, 

50,  250,  500,  750,  and  lOOOppm  Fe  were  measured  in  the  as- 
grown  condition  after  mechanical  poling,  and  the  results  are 
shown  in  Figure  8.  In  each  case  the  absorption  coefficient 
a  was  calculated  from  the  measured  transmission  T  according 
to 

O  -  [21n(l-R)  -  lnT)/d  *  (19) 
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where  d  is  the  sample  thickness  and  R  is  the  reflectance, 
which  is  related  to  the  refractive  index  by 

R  -  (n-1) 2/ (n+1) 2  (20) 

for  the  case  of  normal  incidence.38  Corrections  for 
reflectance  were  made  using  Equation  (20)  and  the  refractive 
index  data  of  Wemple  et  al39  for  BaTi03  as  a  function  of 
wavelength  and  polarization. 

In  Figure  8,  the  effect  of  Fe  doping  on  the  absorption 
coefficient  of  as-grown  crystals  is  clear.  The  data  for  E||c 
and  E-k:  are  given  in  (a)  and  (b)  respectively.  These 
spectra  are  characterized  by  a  broad  absorption  band, 
extending  throughout  the  visible  to  the  band  edge,  that 
increases  with  increasing  Fe  content.  In  addition,  the 
extended  band  edge  appears  to  shift  to  higher  wavelengths 
with  increasing  Fe  concentration.  The  E-k;  polarization  shows 
the  emergence  of  a  well-defined  shoulder  at  620nm  for  Fe 
levels  greater  than  500ppm.  The  slight  inconsistencies  in 
the  observed  trends  (i.e.,  the  intersection  of  the  5ppm  and 
250ppm  data  with  the  50  and  500ppm  curves)  were  due  to 
scattering  from  residual  90  degree  domain  wa^ls  in  the  5  and 
250ppm  samples  which  increased  the  measured  absorbance. 
These  inconsistencies  were  removed  upon  electrical  poling, 
however  not  all  of  the  samples  shown  survived  this 
procedure. 

A  second  set  of  samples  from  boules  of  high-purity, 
50ppm  Fe,  500ppm  Fe  and  lOOOppm  Fe  were  measured  after 
annealing  at  800°C  in  oxygen  (1  atm)  and  in  lOOppm  02/Ar 
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(10_4atm)  _ respectively.  Oxygen  partial  pressures  were 
controlled  using  premixed  Ar-02  gases  and  monitored  using  a 
calcia-stabilized  zirconia  electrochemical  oxygen  sensor  in 
series  with  the  sample  furnace. 

Before  annealing,  the  c-faces  of  the  samples  were 
painted  with  platinum  paste  and  the  crystals  were  mounted 
between  platinum  sheet  electrodes  in  adjacent,  spring-loaded 
sample  holders.  The  crystals  were  heated  slowly  through  the 
Curie  temperature  (4  to  6  °C/hour)  and  then  heated  to  800°C 
in  1  hour.  Samples  were  annealed  for  equilibration  times 
based  on  the  bulk  diffusion  data  of  Wernicke37  (-36  hours) 
and  subsequently  quenched  to  just  above  Tc  (where  the  oxygen 
diffusivity  is  negligible)  in  order  to  "freeze  in"  the  high 
temperature  defect  structure.  Quenching  was  performed  by 
transferring  the  gas-sealed  quartz-glass  tube  from  the 
split-tube  furnace  used  for  annealing  to  an  adjacent  furnace 
maintained  at  175°C.  A  field  of  1000  V/cm  was  gradually 
applied  and  the  crystals  slowly  cooled  through  the  Curie 
temperature  (4  to  6°C/hour)  and  then  to  room  temperature 
before  removing  the  field.  This  procedure  eliminated  the 
need  for  repoling  after  the  high  temperature  anneal. 

The  effects  of  oxidation  (latm)  and  reduction  (10”4atm) 
on  pure,  50,  500,  and  lOOOppm  Fe-doped  samples  are  shown  in 
Figures  9  (a) -(d).  Oxidation  increased  the  height  of  the 
broad  visible  absorption  band,  turning  the  more  heavily- 
doped  crystals  a  darker  brown  and  the  lightly-doped  crystals 
a  slightly  deeper  yellow  or  amber.  The  effect  of  reduction 
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was  to  drastically  reduce  the  height  of  the  620nm  band, 
changing  the  heavily-doped  crystals  from  brown  to  yellow 
while  leaving  the  high-purity  crystal  almost  colorless. 

An  interpretation  of  Figures  8  and  9  can  be  based  on 
the  previous  identification  of  charge  transfer  bands  in 
SrTi03  and  on  the  observed  Fe-concentration  and  P02“ 
dependent  trends.  The  broad  absorption  band  in  the  visible 
would  then  correspond  to  an  Fe4+  charge  transfer  band,  with 
the  620nm  (2.0eV)  shoulder  corresponding  to  the  590nm 
feature  in  SrTi03:Fe.  The  shoulder  in  BaTi03is  shifted  to 
slightly  longer  wavelength  due  to  differences  in  the  crystal 
field.  The  analog  to  the  440nm  peak  in  the  SrTi03  spectrum 
occurs  at  absorbances  out  of  the  range  of  the  spectrometer 
for  the  sample  thicknesses  used  (3-4. 5mm),  and  probably 
explains  the  apparent  shifts  in  the  band  edge  with 
increasing  Fe  content. 

Qualitatively,  the  interpretation  above  conforms  well 
with  the  proposed  defect  model.  In  the  as-grown  condition 
the  Fe  ions  are  present  in  both  trivalent  and  tetravalent 
states,  and  the  relative  concentration  of  Fe4+  increases 
with  increasing  iron  content.  This  manifests  itself  as  a 
non-linear  increase  in  the  620nm  absorption  peak  with 
increasing  Fe  content  observed  in  Figure  8 (b) .  Upon 
oxidation,  more  of  the  Fe3+  is  converted  to  Fe4+,  and  vice- 
versa  upon  reduction,  resulting  in  the  trends  seen  in  Figure 
9.  It  is  also  significant  to  note  that  no  absorptions 
corresponding  to  Fe2+  (825nm  in  SrTi03)  were  observed  even 
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for  the  most  reducing  conditions  investigated  herein.  This 
is  consistent  with  the  defect  model's  prediction  concerning 
the  low  concentration  of  Fe2+  in  these  samples. 

Quantitatively,  the  Fe-concentration  dependence  and 
oxygen-partial-pressure  dependence  of  the  620nm  absorption 
deviate  somewhat  from  the  Fe4+  concentration  behavior 
predicted  by  the  defect  model,  but  the  fit  improves  with 
increasing  iron  content.  Figure  10  shows  that  although  the 
620nm  absorption  increases  more  gradually  than  predicted  for 
Fe4+  at  low  Fe  concentrations,  the  3/2  slope  predicted  by 
Equation  (18)  is  closely  followed  in  samples  where  the  620nm 
shoulder  can  be  resolved  (>500ppm  Fe) .  Similarly,  the  P02 
dependence  of  the  620nm  absorption  coefficient  plotted  in 
Figure  11  is  low  in  light ly-dcped  samples,  but  approaches 
the  1/4  slope  predicted  for  Fe4+  (Equation  15)  in  the  500 
and  lOOOppm  Fe-doped  samples. 

PHOTOREFRACTIVE  MEASUREMENTS 

High-purity  and  Fe-doped  BaTi03  crystals  in  the  as- 
grown,  oxidized,  and  reduced  condition  were  characterized 
using  a  variety  of  photorefractive  techniques,  and  the 
observed  trends  were  correlated  with  the  variations  in  Fe 
concentration  and  valence  described  above.  In  all  the 
experiments  described  below,  an  argon-ion  laser  operating  in 
the  TEMqq  mode  was  used  to  write  diffraction  gratings  in  the 
samples,  and  a  He-Ne  laser  (A  «  633nm)  was  used  to  generate 
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the  read-Qjut  beam  when  required.  All  measurements  were 
taken  at  room  temperature  (T  -  295°K) . 

Saturation  diffraction  efficiency  measurements  provided 
a  preliminary  estimate  of  the  relative  magnitude  of  the 
photorefractive  activity  in  the  various  samples.  These 
measurements  were  applied  to  high-purity,  50ppm,  500ppm,  and 
lOOOppm  Fe-doped  crystals  in  the  as-grown  condition,  and  to 
samples  from  the  same  boules  which  were  oxidized  (pQ2  * 
latm)  and  subsequently  reduced  (PQ2«  10-4  atm)  •  In  these 
experiments,  gratings  with  a  spacing  of  2^m  (A  «  514. 4nm,  29 
-  14°,  and  grating  vector  lying  in  the  plane  containing  the 
c-axis)  were  written  in  the  samples,  and  the  intensity  of 
the  diffracted  read-out  beam  was  recorded  as  a  function  of 
time  until  saturation  was  reached.  The  results  for  the 
500ppm  Fe-doped  crystal  are  shown  in  Figure  12,  indicating 
that  the  saturation  diffracted  beam  intensity  dropped  by 
almost  a  factor  of  ten  upon  oxidation,  while  increasing  by  a 
lesser  degree  upon  reduction.  Similar  results  were  obtained 
for  the  50ppm  and  lOOOppm  samples. 

Additional  saturation  diffraction  efficiency 
measurements  were  performed  on  the  as-grown  and  reduced 
samples  in  which  the  data  were  normalized  with  respect  to 
the  incident  intensity  (1  jiW/cm2)  of  the  633nm  readout  laser 
beam.  The  writing  beams  in  this  case  were  of  wavelength 
488nm  with  intensities  Ij^  ■  lT^W/cm2  and  I2  *  87<VW/cm2  and 
were  combined  at  an  external  angle  29  «  27°  using  the 
anisotropic  configuration  (grating  vector  K^-c)  .  The 
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diffracted,  beam  intensities  were  measured  by  an  EG&G 
photodiode.  All  samples  were  co-polished  to  identical 
thicknesses  of  4.5mm±3%  to  allow  direct  comparison  of  the 
results,  which  are  shown  in  Figure  13  as  a  function  of  Fe 
concentration . 

Two-beam  coupling  measurements  were  used  to  determine 
the  sign  of  the  dominant  carrier  and  the  effective  trap 
density  for  the  pure  as-grown  and  reduced  crystals.  In 
these  experiments,  the  pump  and  signal  beam  (A  *  488nm)  were 
ordinary  polarized  with  intensities  of  Ip  ■  150  mW/cm2  and 
Is  -  180  /iW/cm2  respectively,  thus  keeping  the  modulation 
index  m»2 (IpIs) 3/2/ (Ip+Is)  small  (m«l)  for  compatibility 
with  the  standard  photorefractive  models.13'40'41  Under 
these  conditions  the  coupling  gain  r  of  the  two  beams  is 
defined  by  the  equation13 


where  Isp  and  Isnp  are  the  intensities  of  the  signal  beam 
with  and  without  the  pump  beam  respectively,  1  is  the 
crystal  thickness,  and  0^  is  the  angle  of  the  beams  inside 
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29 


is  the 


and  where _nQ  is  the  ordinary  refractive  index,  r13 
appropriate  electrooptic  coefficient,  and  Esc  is  the  steady 
state  space  charge  field  which  has  the  form41 


_  *(*)■** 

1  +  {K/K0)> 
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in  which  k  is  Boltzmann's  constant,  e  is  the  electronic 
charge,  and  f(K)  represents  the  amount  of  electron  hole 
competition.  The  term  K02  is  related  to  the  effective  trap 
density  NT  via  the  equation13*40 

k°  =  7&t'  <25> 

where  <  is  the  relative  dielectric  constant,  and  is  the 
permittivity  of  free  space. 

The  beam-coupling  data  is  plotted  as  a  function  of 
grating  vector  K  in  Figure  14.  From  the  direction  of  beam 
coupling  it  was  determined  that  the  charge  carriers  were 
positive  for  both  the  as-grown  and  reduced  crystals. 
Fitting  this  data  to  the  above  equations  we  find  that  f(K) 
is  fairly  constant  over  the  range  of  K  values  used  (9  *  2- 
40*).  Using  a  value  of  150  for  *c,  the  dielectric  constant 
associated  with  this  crystal  orientation, 39  we  find  that  the 
effective  trap  density  is  2 . 9± . 4xl016cm-3  and 
2.7±.5xl016cm-3  for  the  as-grown  and  reduced  crystal 
respectively.  Note  that  within  the  limits  of  error 
reduction  had  no  effect  on  the  measured  trap  density  of  the 
high-purity  crystals. 
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Light-induced  grating  erasure  rate  measurements  were 
also  used  to  confirm  the  effective  trap  densities  in  the 
pure  samples.  This  technique  has  been  used  previously  to 
determine  materials  properties  of  BSO42  and  BaTi0313  and 
involves  writing  a  grating  in  the  crystal  using  two  coherent 
plane  waves,  removing  the  writing  beams  and  flooding  the 
crystal  with  a  uniform  erase  beam.  The  decay  of  the  grating 
diffraction  efficiency  is  simultaneously  monitored  with  a 
low-power  read-out  beam.  When  the  modulation  index  of  the 
fringe  pattern  and  the  absorption  coefficient  are  small,  the 
decay  rate  1/r  is  generally  in  the  form  of  a  single 
exponential  and  is  related  to  the  grating  vector  K  through 
the  equation13'40 

1  Jvh+'D  (l  +  UkT/NT'')K'\ 

r~ *  J  \  !  +  (£„*)■  )  *  ’ 

where  aph  is  the  photoconductivity,  oD  is  the  dark 
conductivity,  NT  is  the  trap  density  as  before,  and  the 
diffusion  length  Lp  is  given  by  Lp2  *  ^R^T/e  where  n  is  the 
carrier  mobility,  and  rR  is  the  recombination  time. 

The  above  experiments  were  performed  for  the  case  of 
anisotropic  diffraction.43  The  writing  beams  were  of 
wavelength  488nm  with  intensities  «  200mW/cm2  and  I2  * 
O.lmW/cm2.  The  erase  beam  intensity  IE  *  14mW/cm2  was  held 
constant  throughout  the  experiment  since  decay  rates  in 
BaTi03  usually  exhibit  a  nonlinear  intensity  dependence. 
The  readout  beam  intensity  was  kept  less  than  l^w/cm2.  This 
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readout  beam  (A  «  633nm)  was  chopped  at  a  frequency  of 
1000Hz  and  the  diffracted  beam  was  synchronously  detected 
using  a  photomultiplier  tube  and  a  lock-in  amplifier.  The 
output  of  the  lock-in  was  fed  to  an  AT&T  6300  computer 
equipped  with  a  Data  Translation  acquisition  board  with  the 
sampling  rate  set  at  BOHz.  The  grating  decay  data  were 
least-squares  fitted  to  a  single  exponential  and  the  decay 
rate  1/r  calculated  from  the  fit.  The  measurements  were 
repeated  as  a  function  of  grating  vector  by  varying  the 
writing  beam  angles. 

The  decay  rates  as  a  function  of  the  square  of  the 
grating  vector  for  the  range  of  K  values  used  is  shown  in 
Figure  15.  Using  a  value  of  3600  for  <a,  the  dielectric 
constant  appropriate  for  this  orientation,39  the  theoretical 
fit  gives  trap  density  values  of  3.1±.3xl016cm-3  and 
3.3±.4xl016cm-3  for  the  high-purity  as-grown  and  reduced 
crystals  respectively.  These  values  are  in  good  agreement 
with  those  obtained  for  the  beam  coupling  results. 

The  intensity  dependence  of  the  light-induced  decay 
time  was  also  measured  for  the  above  high-purity  crystals, 
as  well  as  for  the  50ppm  and  500ppm  Fe-doped  crystals  in  the 
as-grown  and  reduced  condition.  These  measurements  were 
conducted  at  a  grating  spacing  of  A  *  2.8pm,  and  the  results 
are  shown  in  Figure  16  (a)  and  (b)  for  the  high-purity  and 
doped  crystals  respectively.  These  data  show  that  like  the 
measured  trap  density,  both  the  intensity  dependence  and  the 
absolute  decay  time  remained  the  same  in  the  as-grown  and 
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reduced  high-purity  crystals.  Note  also  that  the  addition 
of  large  amounts  of  iron  decreases  the  speed  of  the 
crystals,  and  that  this  speed  is  further  reduced  and  the 
intensity  dependence  altered  by  reduction. 


DISCUSSION  AND  CONCLUSIONS 

Based  on  the  theoretical  defect  model  for  BaTi03:Fe  and 
on  the  observed  optical  absorption  spectra,  it  is  apparent 
that  Fe3+  and  Fe4+  are  the  dominant  valence  states  of  iron 
present  in  our  samples  in  the  P02  range  investigated.  Thus 
it  is  clear  that  the  popular  model5  in  which  Fe3+  and  Fe2+ 
are  the  sources  and  traps  of  photorefractive  charge  carriers 
does  not  apply  in  this  case,  and  that  trivalent  and 
tetravalent  iron  would  be  expected  as  the  active 
photorefractive  centers  if  iron  plays  any  role. 

Despite  the  low  levels  of  transition-metal  impurities 
in  our  high  purity  BaTi03  crystals,  a  relatively  strong 
photorefractive  effect  was  exhibited  by  these  samples.  In 
fact,  the  effective  trap  densities  determined  in  the  as- 
grown  high-purity  samples  were  on  the  order  of  3xl016cm-3, 
which  is  comparable  to  those  reported  for  nominally  undoped 
BaTi03  with  two  to  three  orders  of  magnitude  higher  impurity 
levels.5  Furthermore,  upon  reduction  the  effective  trap 
density,  carrier  sign,  and  speed  were  virtually  unchanged. 
Since  the  defect  model  predicts  that  this  degree  of 
reduction  should  yield  a  nearly  seven-fold  increase  in  the 
concentration  of  Fe3+,  the  observed  photorefractive  behavior 
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of  the  high-purity  crystals  is  inconsistent  with  a  model  in 
which  Fe3+  acts  as  the  trap  site  for  photorefractive 
carriers.  It  appears,  therefore,  that  iron  is  not  the 
dominant  photorefractive  species  in  these  high-purity  BaTi03 
crystals.  Instead,  these  results  suggest  that  the 
photorefractive  traps  are  associated  with  a  defect  whose 
concentration  is  independent  of  oxygen  partial  pressure  in 
the  P02  range  0.21  to  10”4  atm.  Possibilities  for  such  P02- 
independent  centers  would  include  barium  vacancies  or  oxygen 
vacancies  (see  Figure  7),  but  these  conjectures  require 
further  investigation. 

Preliminary  photorefractive  characterization  of  iron- 
doped  BaTi03  indicated  little  change  in  the  saturation 
diffraction  efficiency  of  the  as-grown  crystals  as  a 
function  of  Fe  content.  Even  the  results  for  the  reduced 
crystals,  which  displayed  lower  overall  absorption  and 
slightly  higher  efficiency,  showed  no  systematic  dependence 
on  Fe  concentration.  The  large  range  of  iron  concentrations 
spanned  by  the  data  in  Figure  14,  along  with  the  associated 
variations  in  the  Fe4+/F®3+  ratio  given  by  Equation  (18), 
offered  no  visible  improvement  in  properties. 

Although  the  above  results  seem  to  suggest  that  iron 
centers  are  not  responsible  for  the  photorefractive  effect 
in  the  doped  crystals,  it  is  important  to  note  that  the 
behavior  of  these  samples  was  different  from  that  of  the 
high-purity  crystals.  Figure  16  indicates  that  reduction 
effected  both  the  speed  and  the  intensity  dependence  of  the 
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grating  erasure  process,  and  that  these  varied  as  a  function 
of  iron  content  as  well.  In  addition,  the  observed 
decreases  and  increases  in  saturation  diffraction  efficiency 
which  occurred  upon  oxidation  and  reduction  respectively  are 
not  inconsistent  with  a  model  involving  Fe4+  and  Fe3+  as  the 
sources  and  traps  of  photorefractive  charge  carriers.  The 
interpretation  of  this  data  is  complicated,  however,  by  a 
large  P02-dependent  absorption  coefficient  in  the  Fe-doped 
crystals.  For  example,  the  observed  decrease  in  saturation 
diffraction  efficiency  upon  reduction  may  simply  be  due  to 
increased  absorption  of  the  writing  beams  by  non- 
photorefractive  processes. 

To  further  complicate  the  issue,  we  have  very  recently 
observed  evidence  of  strong  intensity-dependent  absorption 
in  the  Fe-doped  crystals  as  opposed  to  the  high -purity 
sample  which  showed  none.  These  observations  have  inhibited 
the  interpretation  of  beam  coupling  and  grating  decay 
measurements  on  the  iron-doped  crystals,  which  will  be 
presented  elsewhere  in  the  near  future.  In  addition,  work 
is  continuing  to  expand  the  characterization  of  the  crystals 
used  in  this  study  to  cover  a  wider  oxygen  partial  pressure 
range  in  order  to  further  clarify  the  role  of  iron  centers 
in  the  photorefractive  process  in  BaTi03. 
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FIGURE  CAPTIONS 


Figure  l.  Flow-charts  for  (a)  preparation  of  high-purity 
Ti02  and  (b)  purification  and  synthesis  of  BaC03. 

Figure  2.  Typical  single  crystal  boule  grown  by  TSSG. 

Figure  3.  Photograph  of  90  degree  domain  walls  (diagonal 
lines)  in  unpoled  BaTi03  single  crystal. 

Figure  4.  Measured  ultraviolet  spectra  of  reagent  BaCl2  and 
purified  BaC03  dissolved  in  HC1.  Peak  at  230nm  corresponds 
to  iron  impurities  removed  by  solvent  extraction. 

Figure  5.  Measured  optical  absorption  spectra  comparing 
relative  purity  of  BaTiOj  single  crystals  grown  from 
commercial  and  purified  feea  materials. 

Figure  6.  Calculated  variations  in  the  concentrations  of 
Fe2+,  Fe3  ,  and  Fe4+  as  a  function  of  oxygen  partial 
pressure  at  various  Fe  concentrations  for  an  equilibration 
temperature  of  800°C. 

Figure  7.  Calculated  variations  in  oxygen  vacancy 
concentration  vs.  P«2  for  different  Fe  doping  levels  and 
background  acceptor  levels  given  in  Table  1. 

Figure  8.  Measured  optical  absorption  spectra  as  a  function 
of  Fe  doping  for  as-grown  crystals  after  mechanical  poling: 
(a)  E  parallel  to  c;  (b)  E  perpendicular  to  c. 

Figure  9.  Effects  of  oxidation  (P02  m  800°C)  and 
reduction  (P02  "  10“4atm,  800°C)  on  tuie  absorption  spectra 
of  BaTi03:  (a)  High-purity?  (b)  50ppm  Fe?  (c)  500ppm  Fe?  and 
(d)  lOOOppm  Fe  (E  perpendicular  to  c) . 

Figure  10.  Lo<3q62Q  vs.  log[Fe]^ot,  illustrating  the 
trend  toward  the  theoretical  3/2  dependence  at  higher  Fe 
concentrations  where  the  620nm  shoulder  can  be  resolved. 

Figure  ll.  Pq2 -dependence  of  the  620nm  absorption 
coefficient  (Fe4+)  approaching  the  predicted  1/4  slope 
with  increasing  Fe  content. 

Figure  12.  Effects  of  oxidation  and  reduction  on  the 
diffracted  beam  intensity  vs.  time  for  BaTi03 : 500ppm  Fe. 
Similar  results  were  achieved  for  50ppro  and  lOOOppm  Fe-doped 
BaTi03 . 

Figure  13.  Saturation  diffraction  efficiency  of  as-grown 
(solid  circles)  and  reduced  (open  circles).  BaTi03  as  a 
function  of  Fe  concentration. 
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Figure  14.  Beam  coupling  gain  as  a  function  of  grating 
vector  K  of  high-purity  BaTi03.  The  solid  circles  represent 
the  as-grown  crystal,  the  open  circles  the  reduced  crystal, 
and  the  solid  line  is  the  theoretical  fit. 

Figure  15.  Light-induced  grating  decay  rate  as  a  function 
of  the  grating  vector  squared  for  high-purity  BaTi03  in  the 
as-grown  (solid  circles)  and  reduced  (open  circles) 
condition.  Since  the  theoretical  fits  overlapped,  only  one 
Curve  is  shown  (solid  line) . 

Figure  16.  The  grating  diffraction  efficiency  decay  time  as 
a  function  of  the  erase  beam  intensity  for  as-grown  and 
reduced  BaTi03:  (a)  high  purity;  (b)  doped  with  50ppm  and 
500ppm  Fe. 
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Table  2.  Chemical  Analysis  of  Fe-doped  BaT103  single  crystals. 
Results  Indicate  a  segregation  coefficient  near  unity. 
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Figure  2-  Typical  single  crystal  boule  grown  by  TSSG. 
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III.  Crystal  Growth  Investigations 

1)  TSSG  Seeding 

"Capping",  i.e.  a  region  of  unstable  polycomponent 
growth  underneath  the  seed,  has  long  been  a  problem  in  the  growth 
of  BaTiO-j.  While  in  most  cases  it  does  not  prevent  the  growth  of 
high  quality,  relatively  strain-free  crystal,  it  occasionally 
causes  twinning  and  cracking.  This  is  a  very  common  problem  in 
solution  growth  of  all  types,  including  hydrothermal  growth  of 
quartz  and  varius  types  of  aqueous  solution  growth. 

A  series  of  growth  experiments  were  run  changing  various 
parameters  such  as  seeding  temperature,  initial  temperature 
lowering  rate,  diameter,  expansion  rate  and  seed  rotation  rate  in 
an  attempt  to  identify  the  cause  of  the  cap  formation,  but  with 
little  success.  The  capping  appears  to  be  the  result  of  rapid 
growth  of  reentrant  faces  and  consequent  trapping  of  the  liquid 
phase.  X-ray  analysis  of  the  solidified  materials  shows  the 
presence  of  both  tetragonal  and  hexagonal  BaTiO-j  as  well  as  a 
third  phase  which  it,  probably  2-6Tl  1 7°40 ’  In  the  currently 
accepted  BaO-TiC^  phase  diagram.  Fig.  III-l,  this  phase  form  a 
eutectic  with  BaTiQj.  The  fact  that  the  hexagonal  phase  appears 
at  seeding  temperatures  ca.  1380°  is  somewhat  surprising  since 
this  is  well  below  the  reported  transition  temperature  of  1460°. 
However,  we  have  noticed  over  the  years  that  growth  becomes  very 
difficult  above  ~1400°C.  Even  so,  the  apearance  of  this  phase 
seems  to  indicate  the  presence  of  fairly  large  microscale 
temperature  excursions.  It  is  felt  that  the  problem  is  probably 
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due  to  convective  instabilities  at  very  small  liquid-solid 
interface,  although  better  temperature  control  might  diminish  the 
problem. 
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Fig.  III-l 

Phase  diagram  of  Ba0-Ti03  system  after  D.  E.  Rase  and  Rustum  Roy 
J.  Am.  Ceram.  Soc.  38,  102-113  (1955),  with  some  modification. 


2 )  RF  Furnace  Growth 


An  SiC  heated  furnace  lined  with  firebrick  is 
inevitably  a  relatively  dirty  environment.  In  contrast,  an  RF 
heated  Czochralski  type  furnace  can  use  a  minimum  of  much  cleaner 
(higher  purity)  refractories,  which  should  result  in  much  less 
back  contamination  of  the  high  purity  crystal  feed  material. 

Much  greater  control  of  the  temperature  gradient  is  also  possi¬ 
ble,  so  that  facet-free  growth  might  be  obtainable,  thus  elimi¬ 
nating  the  "capping"  problem  discussed  in  section  III-l. 

Some  preliminary  TSSG  experiments  were  run  in  our  recently 
installed  Czochralski  furnace.  Despite  the  fact  that  there  was 
not  time  to  optimize  temperature  control  and,  especially  tempera¬ 
ture  gradients,  there  were  indications  that  this  method  might  be 
practical.  As  with  other  crystals,  a  reasonably  lengthly  program 
of  research  would  be  necessary  to  optimize  the  crystal  growth 
procedure . 
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